Stable hydrosols of copper sulfide nanoparticles are synthesized by heating aqueous solutions with different ratios of sodium thiosulfate and copper sulfate in the presence of polyvinylpyrrolidone and studied by a number of physicochemical methods in situ (optical spectroscopy, dynamic light scattering) and ex situ (transmission electron microscopy, powder X-ray diffraction, X-ray photoelectron spectroscopy). The main product is CuS covellite nanoparticles with some impurities of other phases (Cu 2 S, Cu 1,8 S, Cu 7 S 4 ). With an increase in the initial molar ratio S 2 O 2 3 − / Cu from 0.2 to 5 the nanoparticle size increases from 1-5 nm to 30-50 nm and then decreases to 4 nm at a ratio of 10. A substantial increase in the intensity of plasmon absorption within 800-1500 nm is observed during the formation of planar nanoparticles with a lateral size of about 30 nm at S 2 O 2 3 − :Cu = 5. A band gap obtained from both direct and indirect optical absorption spectra of sulfides (2.6 eV and 1.7 eV respectively) remains constant for all particles.
INTRODUCTION
Copper sulfide nanoparticles have recently attracted much attention from the standpoint of their application in diverse optoelectronic materials and devices, solar cells, sensors, biomedicine, and also their role in copper flotation and transfer processes in the environment. In the Cu-S system, a series of stable compounds with different compositions form: chalcosine Cu 2 S, covellite CuS, djurleite Cu 1.96 S, anilite Cu 7 S 4 , and digenite Cu 9 S 5 , with Cu 2 S having three polymorphs (α, β, and γ) and Cu 9 S 5 having two polymorphs [1] . Ten minerals containing copper and sulfur have been known [2] . All sulfides contain copper(I) and are, as a rule, p-type semiconductors; β-Cu 2 S has also a high ionic conductivity [3] . Covellite (CuS) seems to be the most important material in this series, and its structure can be described as a sequence of planar CuS layers and double Cu 2 S 2 layers containing disulfide anions. Nanosized covellite exhibits plasmon absorption in the near IR range where biological tissues weakly absorb, which makes it a promising material for biomedical applications, in particular, for visualization in photoacoustic tomography, diagnostics and photothermal therapy of cancer [4] [5] [6] [7] [8] . The intensity and position 1 Siberian Federal University, Krasnoyarsk, Russia; *ssai@mail.ru. of the surface plasmon resonance peak depend on the copper sulfide stoichiometry and morphology, along with the method of obtaining nanoparticles, however, the clear understanding of the nature of plasmon resonance is still absent [5] .
The synthesis of nanosized copper sulfides in solutions is based on the interaction reaction between Cu(I) or Cu(II) ions and sulfide ions (e.g., H 2 S or Na 2 S) or sulfur-containing compounds with active chalcogen [8, 9] . Furthermore, to prepare stable samples (sols) nanocrystals are usually stabilized in a colloidal solution by surfactants or in polymer matrices [10] [11] [12] [13] [14] . Techniques are proposed to obtain covellite and other sulfide nanoparticles in organic solvents followed by particle transfer to aqueous solutions [5, 6, 13] , which complicates the synthesis and hinders the application of materials.
A simple and efficient method of obtaining copper sulfide nanocrystals is thermal decomposition of copper compounds in solution or solid states [15] [16] [17] . In a number of works, the hydrothermal synthesis of copper sulfides from thiosulfate complexes at a temperature above 120 °C was used [18] [19] [20] [21] . However, this method yields, as a rule, large and rapidly precipitating submicronic and micronic aggregates; moreover, special equipment is needed (autoclaves). We proposed a simple method to obtain stable hydrosols of copper sulfide nanoparticles at temperatures below 100 °C and atmospheric pressure, and in this work, investigated the effect of the molar ratio of reagents (copper sulfate and sodium thiosulfate) on the composition and properties of formed covellite nanoparticles as the main product. In particular, it is shown that at an excess of thiosulfate ions in solution, covellite nanoparticles are formed practically without impurities of other sulfides, which give high-intensity plasmon absorption in the near IR range.
EXPERIMENTAL
Copper sulfide nanoparticles were synthesized as follows: to 10 ml of an aqueous copper sulfate solution (0.005 mol/l) equal volumes of sodium thiosulfate (0.001-0.05 mol/l) and stabilizer polyvinylpyrrolidone (PVP) solutions (5⋅10 -5 mol/l) were added and heated on a water bath at 95 °C for 90 min. The color of the solutions changed from colorless or greenish to golden brown. Precipitates of copper sulfide particles, including the samples for powder XRD, were obtained at the same ratios of reagents, ten times increasing their concentrations (e.g., 0.05 mol/l of copper sulfate, etc.) and replacing the stabilizer solution by distilled water. The precipitates formed were filtered off, washed with distilled water, and dried in the air. The obtained hydrosols were analyzed on a Shimadzu UV-3600 spectrophotometer in the wavelength range from 200 nm to 1800 nm. Measurements were carried out in double beam mode: a cuvette with a colloidal solution of nanoparticles is in one beam and in the second there is a cuvette with distilled water; the difference spectrum is measured immediately.
The powder XRD analysis of the samples dispersed on the silicon single crystal surface was performed with СuK α radiation on a DRON-3 X-ray diffractometer. To measure the XPS spectra drops of the obtained sols were dried on a pyrolytic graphite substrate in a lock chamber of a SPECS spectrometer equipped with a PHOIBOS МСD-9 energy analyzer. The monochromatized AlK α line (1486.6 eV) was used for excitation. Electrostatic charging heterogeneity was eliminated by slow electron irradiation. Pressure in the analytical chamber was below 10 -9 mBar. The spectra were fitted by the CasaXPS program after the nonlinear Shirley background subtraction. In the fitting of S2p spectra the spin-orbit splitting was taken to be 1.19 eV, the width of both components was the same, and the intensity ratio was 2. Hydrodynamic sizes of colloidal particles were found by dynamic light scattering (DLS) on ZetasizerNano ZS (Malvern Instruments, Great Britain) at a laser wavelength of 632.8 nm and a scattering angle of 173°. The work presents an intensity-average weighted hydrodynamic diameter (Z av ), although the multimodal distribution results were considered. TEM studies were performed on a JEOL JEM-2010 microscope at an accelerating voltage of 200 kV. To this end, a drop of washed sol was deposited onto amorphous carbon film on a copper grid and dried in the air.
RESULTS AND DISCUSSION
In aqueous solutions containing copper(II) salt and thiosulfate ions, the reaction described by the following scheme, proceeds:
where n = 1, 2, or 3. Depending on the reagent ratio, can be formed complexes with various composition (CuS
− ) can form, in which copper ions have an oxidation state 1+ [22] ; instability constants are [23] . Copper coordinate thiosulfate ions through a sulfur atom, therefore these complexes relatively easily transform into copper sulfide on heating. We varied the Cu
− molar ratio in the range from 0.1 to 5 (Table 1) , and the solution containing the above complex compounds in different ratios formed. Fig. 1 depicts the diagram showing the distribution of complex forms in the system at the mentioned concentrations and molar ratios of reagents. Lines mark the compositions corresponding to the preparation conditions of samples 1-6 (Table 1 ).
In the optical spectra of colloidal solutions of copper(I) sulfides at various concentrations of sodium thiosulfate after heating ( Fig. 2) a drop of absorption is observed in the wavelength range 300-600 nm, along with a broad extinction band in the near IR range 900-1500 nm, which is due to the plasmon peak [9, [24] [25] [26] [27] [28] [29] [30] [31] . The intensity of the peak at 1200 nm increases with increasing concentration of thiosulfate ions is especially considerable on passing to sample 5, which is likely to be caused by a large contribution of planar particles. With respect to intensity, sample 6 is between samples 1 and 2, which seems to be explained by a small size of particles (see below).
The band gap E g in the synthesized nanoparticles was determined from the absorption spectra in the range 300-1600 nm for both direct (dependence (αhν) 2 = f(hν)) and indirect (dependence (αhν) 1/2 = f(hν)) interband transitions ( Fig. 3) (the procedure was described in detail, e.g., in mk, [30] ). The unambiguous opinion about whether copper sulfides are director indirect-gap semiconductors is absent in the literature [24] [25] [26] [27] [28] [29] [30] . Thus, the authors of [24, 25] indicate that the Cu 2 S phase is characterized by an indirect transition and calculate its band gap (1.2 eV); in the authors' opinion, sulfides with the composition Cu 1.95 S, Cu 1.8 S (E g = 1.5 eV), and CuS (E g = 2.0 eV) are direct-band conductors. The authors of [23] and [26] also share this opinion about covellite. In the first case, the found E g value for CuS nanoparticles with a size of about 3 nm is 2.2 eV; in the second, for CuS films a value of 2.37 eV is obtained. At the same time, in [27] CuS was considered as an indirect-gap semiconductor whose band gap varied from 1.98 eV to 1.74 eV depending on the preparation conditions, which the authors associated with particle aggregation and an increase in their size. In [29] linearity was respected for the direct transition and was absent in the graph of the indirect transition. In this work, the lengths of the corresponding linear regions and found E g values differ insignificantly for all samples and are 2.5-2.7 eV for the direct transition and 1.6-1.7 eV for the indirect transition ( Fig. 2 and Table 1 ) and agree better with indirect transitions.
By DLS a hydrodynamic diameter of particles in hydrosols was found ( Table 1 ). The particle size increased from 5 nm to 35 nm on passing from sample 1 to sample 5 whereas in sample 6 it decreased below 5 nm. TEM results (Fig. 4) in general correspond to the DLS data. At an excess of copper ions a mixture of nanoparticles with diverse shapes (spherical, trigonal prisms, nanodiscs, rods) forms. With increasing concentration of sodium thiosulfate the particles become mainly spherical. A further increase in the molar ratio again results in the formation of anisotropic, mostly planar nanoparticles and an increase in their size (sample 5). Sample 6 contains spherical particles with a size ranging from 1 nm to 5 nm. Some discrepancy with DLS measurements is caused by that in DLS the hydrodynamic particle size is determined, which depends on the particle morphology as well as aggregation in the sol.
The powder XRD analysis of precipitated particles (Fig. 3) shows that samples 1, 2, and 6 (also contains reflections of excess sodium thiosulfate) are hexagonal CuS (covellite), samples 3 and 5, apart from covellite, contains some amount of anilite and chalcosine impurities, and in sample 4 the Cu 7 S 4 anilite phase with digenite and covellite impurities is dominant. There is no simple dependence between the molar ratio of reagents or the composition of complex forms of copper thiosulfate and the phase composition of the obtained product. The samples were also characterized by local electron diffraction; the results, in general, agree with the powder XRD data (Table 1) , and some distinctions can be due to the sample preparation and the transformation of sulfides under the action of electron or X-ray beams.
XPS spectra of the obtained nanoparticles are presented in Fig. 5 . In the spectra of copper in samples 1-4 the Cu2p 3/2 peak is observed at 932.0 eV; for samples 5 and 6 the peak is shifted to higher energies near 932.8 eV, shake-up satellites are absent in the range 944-948 eV, which is indicative of copper in oxidation state 1+ [31] [32] [33] [ 31, 32] . Moreover, near 166-169 eV there is a band of oxygen-containing anions, mainly sulfate and excessive sodium thiosulfate precipitated during solution drying. For samples 5 and 6 the contribution of excessive thiosulfate to the spectra becomes largest, and one of the two lines of thiosulfate (near 163 eV) is much more intense than the signals of di-and monosulfide anions of copper sulfide. In sample 2 thiosulfate ions are added in the equimolar ratio, and the amount of unreacted thiosulfate is insignificant. For samples 1-4 the intensity of lines of monosulfide groups is slightly higher or approximately equal to the intensity of disulfide groups, which is typical of covellite CuS and is also consistent with the intensity ratio of the respective lines of sulfur and copper (Table 1) . Thus, a simple method involving the mixing and further heating of aqueous solutions of copper sulfate and sodium thiosulfate in the presence of PVP makes it possible to obtain aggregatively stable nanoparticles, mainly covellite CuS. By varying the relative amount of thiosulfate it is possible to control the particle size and shape, and thus, the intensity and position of the plasmon peak in the near IR range. The particle size and the plasmon resonance magnitude increase with increasing thiosulfate concentration, reaching the maximum at the initial molar ratio of copper to thiosulfate (1:5) when planar nanoparticles form, which are mainly nanodiscs with a lateral diameter of about 30 nm. However, it is required to take into account that at a large excess of thiosulfate the solutions contain some amount of the unreacted copper thiosulfate complex along with colloidal nanoparticles.
CONCLUSIONS
A simple method is proposed to synthesize nanoparticles of copper sulfides in the copper sulfate-sodium thiosulfate system by heating aqueous solutions at atmospheric pressure and a relatively low temperature (95 °C). It is shown that at different initial molar ratios Cu 2+ /S 2 O 2 3
− covellite nanoparticles form, in most cases, with some amounts of chalcosine, digenite, and anilite impurities. With a decrease in the Cu 2+ /S 2 O 2 3
− molar ratio from 5 to 0.2 the size of particles obtained in hydrosols increases from 5 nm to 30-40 nm and the plasmon peak intensity in the near IR range also grows. The copper sulfide band gap practically does not change. CuS nanoparticles synthesized at a tenfold excess of thiosulfate again have a small size (about 4 nm) and a low intensity of the plasmon peak. The work was supported by RFBR (project No. 14-17-00280).
